Abstract: Landslides are the most frequent type of natural disaster, and they bring about large-scale damage and are a threat to human lives and infrastructure; therefore, the ability to conduct real-time monitoring and early warning is important. In this study, a Web3DGIS (Web3D geographic information systems) system for monitoring and forecasting landslides was developed using the Danjiangkou Reservoir area as a case study. The development of this technique involved system construction, functional design, organizing and managing multi-source spatial data, and implementing a forecasting plan and landslide-forecasting model. By integrating sensor technologies, spatial information technologies, 3D visualization technologies, and a landslide-forecasting model, the results of this study provide a tool for real-time monitoring at potential landslide sites. When relevant data from these sites reach threshold values, the model automatically initiates forecasting procedures, and sends information to disaster prevention sectors for emergency management.
Introduction
In recent years, landslides, debris flows, and other natural disasters have been attributed to changes in the global climate, heavy localized rainfall, strong tropical windstorms, and other extreme weather situations. In China, official statistics from the Geographical Research Bureau show that in 2014 there were 10,907 natural disasters, causing 349 deaths and 5.41 billion yuan of damage in direct economic loss. Among these events, landslides were the most frequent, comprising~74.5% of the total number of natural disasters, and the most severe in terms of damage. Given the threat to human life and infrastructure, minimizing the impact of landslides remains critical. Solutions that have been proposed include transforming the shapes of landslide-risk slopes, structural supports for soil and rock features in landslide areas, and reducing the effects of groundwater and surface water on slope stability. However, while these approaches could decrease the occurrence of landslides, large-scale control remains difficult owing to limitations from construction, available technologies, and cost. Therefore, the ability to conduct real-time monitoring and disaster early warning is critical.
Landslide stability is affected by both internal and external factors, whose mechanisms vary concurrently; therefore, the main approach to real-time monitoring involves monitoring the state of these inducing factors. Monitoring is focused on either slope surface or subsurface conditions (e.g., groundwater levels and physical composition). Global Positioning System (GPS) techniques were first applied to monitor landslide deformation in the 1990s [1] [2] [3] [4] , and Zumberge in Jet Propulsion Laboratory put forward the precise point positioning (PPP) technique, anoptimized GPS technique. The PPP technique has taken a dominating role in landslide monitoring [5] [6] [7] . In the mid-1990s, Dowding, Kane, and others, introduced Time Domain Reflectometry (TDR) techniques into obtaining landslide deformation data by burying coaxial cables in landslide areas and measuring their changing state [8, 9] . In the late 1990s and early 2000s, Interferometric synthetic aperture radar, close range photogrammetry measurements, and other techniques were also applied to surface deformation monitoring [10] [11] [12] [13] . Accompanied with the development of monitoring techniques, the monitoring sensors experienced rapid development, from simple and relatively independent monitoring instruments (e.g., rainfall gauge, wire extensometers) to professional landslide sensors, which can transfer monitoring data to scene sites set around the landslides (e.g., osmometer, inclinometer), and then to the multi-sensor networks with the ability of real-time remote data transmission [14, 15] . The efficiency and accuracy of monitoring sensors have been further improved to provide a sound statistical basis for the development of landslide early warning systems. In addition, modern mathematical methods, including grey system and fuzzy math, have also been gradually applied to landslide early warning endeavors [16] [17] [18] [19] .
The development of geographical information systems (GIS), and network and sensor techniques has provided strong support for the integration, management, and analysis of spatial statistical data regarding landslides. By integrating the above techniques with landslide early warning models, real-time early warning of landslides becomes possible [20] [21] [22] [23] [24] [25] , as does the design and development of practical monitoring systems [26] [27] [28] and disaster handling decision-making and support systems [29] [30] [31] [32] . Some progress has been made on the development of an early warning system; however, there are issues that remain to be resolved: (1) expression and analysis of three-dimensional spatial information; (2) real-time collection, transfers, storage, analysis and integration of multi-spot and multi-type sensor statistics; and (3) connecting the landslide early warning modal with a decision-making model and with information publishing functions, so as to effectively achieve the functional integration of the system.
In this study, the Danjiangkou Reservoir area was used as a case study to develop a system monitoring and modeling landslides based on Web3DGIS (Web3D Geographic Information Systems), which features three-dimensional spatial expression and function analysis of the ground surface environmental and monitoring spot data. The developed method, which is based on a real-time data transport network among sensors, on-spot monitoring sites, and monitoring early warning centers, is able to collect and store real-time monitoring data, and to integrate monitoring, early warning, and information publishing functions.
Target Area
Danjiangkou Reservoir, China (Figure 1 ), is the largest artificial freshwater lake in Asia, and forms a water source for the South-to-North water diversion project in China. The project's central line was officially launched in late 2003, introducing water from Danjiangkou Reservoir to the Huanghuaihai Plain, which hosts over 20 cities ofvarying size. During construction of the water diversion project, the height of the Danjiangkou dam was extended, and its regular water-storage level was raised from 157 to 170 m, storage capacity increased from 17.45 to 29.05 billion m 3 , and the water area expanded from 700 to 1022.75 km 2 . When the reservoir water level rose, original drying landslide fronts were immersed, and stability of rock and soil mass were reduced. Furthermore, hydrodynamic pressure caused by the rapid water level change induced deformation. According to the geological survey results, before the water level rose, there were about 23 landslides with ascale of over 100,000 m 3 ; five years after the water level rose, the number of landslides with ascale of over 100,000 m 3 was about 30.
To protect human life and infrastructure, the regional management and disaster prevention agencies require real-time monitoring of potential landslide sites, and an early warning system for landslide events in the Danjiangkou Reservoir area. 
System Structure and Design
The software structure of the system developed in this study was based on the monitoring database, which is supported by a Brower/Server model with WebGIS and Web3D technologies ( Figure 2 ). Using SQL (Structure Query Language) server, Visual Studio and skyline platform (a 3D GIS application development platform), a multi-structure for application-information and data was constructed, and the service was oriented to different applications, offering convenience for reuse and the expansion of system functions. Data storage and management services were integrated into the system, including those for real-time monitoring data, historical monitoring data, rock and soil mass characteristics data, emergency information, and basic geographical data. The assembly level of the system offers components relevant for the operational sector, including the analysis of landslide monitoring data and an early warning module. After the assembly level integration, the service sector offers simple but practical operational services, primarily including three-dimensional spatial analysis, real-time monitoring services, landslide data consulting and management, early warning analysis, a disaster publishing service, and a system management service. The performance sector is responsible for human-computer interaction services and a thematic map-making output service.
According to the operational procedures and application requirements for a landslide early warning service, the system has five main functions:
(1) Collection and management of multiple datasets pertaining to landslides, including fundamental geographical data, real-time and historical monitoring data, acquirement, transfer, preprocessing and management of emergency service data. (2) Query research and spatial statistical analysis, including comprehensive querying of each monitoring site (e.g., feature, section, and sphere) and statistical analysis of feature data. (3) Landslide early warning and related information publishing. Based on the features of the potential landslide location and its real-time monitoring data, a model for landslide forecasting and emergency warning that is able to publish potential disaster evaluation information to the public and relevant departments is selected. (4) Expression and analysis of three-dimensional information, including a three-dimensional depiction of the target area and key monitoring locations. Focused on data relating to flow fields and groundwater level, a combination of functions and needs was developed to address landslide prediction and the evaluation of relevant three-dimensional spatial analysis. (5) Support functions, including user management, operational right management, data management and maintenance, and other regular functions.
Key Technologies

Multi-Data Organization and Management
Landslide monitoring and early warning systems involves a large volume of data from different sources and of various types, and with complex relationships between them. They include both static and dynamic real-time monitoring data, lattice and arrow data, and non-spatial data on charts, texts, photos, and videos. In order to guarantee system functionality, a reasonable data model was needed, in which data were effectively organized and managed. This required a number of key technologies to be applied to the construction of the landslide special data pool, and to the organization, transport, and expression of three-dimensional scene data.
Special Data Pool for Landslide Monitoring
With regard to data content, the special topics data of landslide monitoring were placed into one of the following five categories (Table 1) , while the technological procedures were integrated into the database construction (Figure 3) . With the spatial database and spatial data engine, the spatial data form an object oriented database management system, which has integrated management over spatial data and attribute data. For the design of spatial databases, previous studies have investigated landslide features in-depth using an object-oriented information model and a design method for a structured UML static view. Using this approach, they obtained the relationships between the patterns of landslide information management, countermeasures, and limitations. The spatial data of potential landslides include dotted and polygon maps, unified serial numbers (id) for monitoring sites, influential areas, and boundaries.
The attribute data of potential landslides involve large volumes and contain complex relationships, primarily for those relating to real-time monitoring, forecasting and early warning, historical information, and monitoring management over relevant staff. The real-time monitoring data include landslide monitoring information, real-time monitoring sites, and sensors, among which various relationships exist (Figure 4) . 
Three-Dimensional Scene Data Organization
In order to establish an accurate image of the target area, researchers need to integrate remote image data with the digital elevation model, overlapped with multiple geological factors, so as to allow functions including browse, cruise, consultancy, measurement, and analysis in a three-dimensional space. The main data for three-dimensional scene construction are from highly accurate digital evaluation models and high-resolution digital orthophoto maps, whose data are normally restored in the form of a lattice. As a direct three-dimensional display can severely affect system effectiveness and due to the difficulties of achieving real time-mapping of the three-dimensional scene, this study combined the tile pyramid model method with a linear quad-tree index in order to preprocess and reorganize the data needed for the scene [33] .
The pyramid model contains multiple resolution levels ( Figure 5 ). When constructing the pyramid, the original lattice data (e.g., the digital evaluation model or remote image) is first set to the bottom (No. 0 level) of the pyramid tile matrix. Based on the No. 0 level, every 2ˆ2 lattice unit combines together into one unit to form the 1 level lattice matrix. This process is then repeated to form the whole tile pyramid [34] . A quad-tree is a tree structure with up to 4 branches in each non-leaf node [33] . It is also a hierarchical data structure, featuring spatial interconnection rescission. The quad-tree structure offers convenience for the index and management of tile data. Based on tile pyramid, the construction of quad-tree index can be divided into three steps: logical partitioning, node coding, and physical partitioning. After partitioning, a topological relationship between tiles is built, which includes two aspects: a neighboring link of the same level and higher, and lower relationships (e.g., that of parents and their children).
The above method can, to a great extent, satisfy the need to visualize a three-dimensional scene in a large area; therefore, it can greatly improve the display effectiveness of the system. This is primarily because cutting out topographical data from outside of the view and using a fast tile search method based on resolution rate greatly reduces the amount of data described in a scene. While mapping the scene, for the specific display proportion, data from the digital elevation model and the image texture of a specific pyramid level (the closest to the display resolution rate) are directly used in the rapid representation of the three-dimensional surface.
After considering the Browser/Server structure of the system, users can set a client-oriented browser and a quick three-dimensional display of related data. To ensure a fluent display of the three-dimensional scene, this study adopted several measures, including a seamless network and the effective transmission of three-dimensional data. Once the initial image is accepted by the user in a low-resolution state, the client displays the three-dimensional data, without waiting for the full transmission of data. Using a distribution system and load balance technology, different servers in different areas can share the burden of three-dimensional data collection; thus, automatically distributing load among all applicable servers.
Landslide Forecasting Model
A landslide-forecasting model must determine the time that a landslide reaches its accelerated deformation-instability phase. The stability of a landslide is affected by internal factors (e.g., landslide shape, soil/rock mechanical parameters) and external factors (e.g., groundwater level, rainfall, and human construction work), which not only have different effects on the landslide, but are also constantly changing.
At present, models for forecasting the time of landslide instability include the Saito Model, creep-spline Combined Model, Verhulst Model, the grey Model (1, 1) and so on [35] [36] [37] [38] . Each model describes the relationship between instability time and deformation values and velocity, as estimated by the surface conditions, and is able to predict when a landslide will enter the accelerating deformation-instability phase. However, for large areas, we have to set many landslides monitoring sites independently, so using a single forecasting model is not sufficient. In this study, three models were selected: a landslide deformation forecasting, non-linear dynamics model; a grey forecasting model that varies with different periods; and a multi-factor grey forecasting model. These models are respectively responsible for short-term forecasting of relatively unstable landslides, long-middle term forecasting of relatively stable landslides, and forecasting landslides easily affected by external factors. In detail:
(1) Non-linear dynamics model. By nature, landslides are a non-linear dynamic systems controlled by soil and rock conditions (e.g., topography, groundwater, rainfalls, and human engineering). The non-linear dynamics model has long been used [39, 40] , and has been developed to reach a high level of accuracy in the short-term prediction of landslides. This study applied the non-linear dynamics model proposed by Qin et al. [19] , which makes predictions based on three major factors: stress, landslide displacement, and groundwater. (2) Grey forecasting model. This model, proposed by Deng, is a method for forecasting systems with uncertain factors [38] . By collecting slices of incomplete information, this model was built to consider a long-term general description of a system's development. Luan et al. [41] used this method to monitor and forecast ground surface deformation, and since then it has been commonly used in landslide forecasting [42] [43] [44] . In this study, the grey model was combined with a time sequence analysis model, such that after amendment of the residual model in time sequence, it was able to forecast trends of uniform motion-accelerating motion, accelerating motion-uniform motion, slow change-uniform motion, and slow change-accelerating motion. Through extraction of the items, which shock periodically, the model can greatly offset influences from external factors. (3) Multi-factor grey forecasting model. This model, from the perspective of both internal and external factors that can affect landslide deformation, regards the whole landslide as the production of multiple affecting factors. The description of internal affecting factors are modeled after a tendency grey model that varies with different periods, while external affecting factors can be divided into several independent but related linear factors. By combining the model with internal and external factors, a multiple and combined model is constructed and can be used for grey forecasting [45] . The multi grey model considers both external and internal factors relating to deformation, and when these change, the deformation value can be estimated as a fixed quantity. The model is suitable for forecasting landslide deformation affected by external factors (e.g., rainfall and groundwater level).
System Completion
Sensors Deployment
The landslide monitoring and early warning system developed in this study was deployed at the Danjiangkou Reservoir. Based on past disaster information, 31 potential landslide sites were selected and the responsible department constructed monitoring sites, which were fitted with a rainfall gauge, inclinometer, water level gauge, osmometer and displacement gauge whose real-time information was transmitted to the monitoring and early warning center using GPRS wireless signal transmitter. The deployment of multi-sensors is shown in Figure 6 . 
Software System Completion
The integrated structure of the early warning software system includes a Brower/Server structure, subdivided into the server end and customer end, designed and developed in a .NET structure (a Microsoft XML web services development platform). The server end was completed in the Java programming language and its database is managed by SQL Serve. The server end was mainly developed through JavaScript and FLEX on the skyline three-dimensional digital earth platform, which is able to rapidly construct a simulated three-dimensional scene using large volumes of remote image data, digital elevation data, and two-and three-dimensional data. The system, topography of the integrated target area, and the image data with multiple attributes are used to construct the three-dimensional model, which then allows for various functions of contour line analysis, slope analysis, ground surface runoff analysis, section analysis, and other three-dimensional space analysis and expression procedures. The system interface is shown in Figure 7 . 
Early Warning Completion
For every single landslide monitoring sites, we analyzed the relationship between rainfall, deformation value/velocity and landslide, then set the threshold for starting landslide forecasting at this site according to the analysis result. When certain data streams change and meet the threshold value, the system automatically initiates its landslide early warning procedure.
By combining past and new real-time monitoring data with deformation early warning conditions (e.g., accumulated accelerated speed, rainfall, and groundwater level), the system can automatically select an appropriate early warning model and calculate the landslide transformation trend and instability time. After observing the calculation results, the system can automatically transmit relevant forecasting information to target users (e.g., disaster control experts and monitoring supervisors). After checking the monitoring data with experts, the system finally determines whether or not to publish the warning information, at which point it will transmit the relevant emergency plan and action suggestions to target people at disaster sites. In summary, this model integrates both the early warning results and expert experience, so as to ensure that the published information is as accurate as possible in order to avoid negative social influences from model flaws (Figure 8 ). 
Conclusions
This study focused on the development of a landslide monitoring and early warning system in the Danjiangkou Reservoir area, China. The proposed real-time disaster forecasting system is based onWeb3DGIS and uses analysis results from landslide monitoring data and linked forecasting models. After reviewing local conditions and historical landslide data, we set up 31 landslide monitoring sites around the Danjiangkou Reservoir in order to collect data on surface displacement, rainfall, and groundwater. After receiving the data, the system consults the early warning model and information from experts before deciding whether to issue timely disaster information to decision-makers and emergency personnel. The system incorporates many technologies, including those of the sensors, WebGIS, three-dimensional visualization, and landslide forecasting. The final systems offers: (1) a comprehensive combination of multi data and landslide forecasting models that support forecasting accuracy; (2) real-time data collection by different sensors and timely wireless data transmission; and (3) Web3DGIS technology for three-dimensional analysis and expression of spatial information, allowing it to accurately identify the environmental conditions at the monitoring site, and to support the analysis of relevant three-dimensional space.
